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Microstructural and mechanical
characterisation of 5XXX-H111 friction stir
welded tailored blanks
A. Tronci1,2, R. McKenzie1,3, R. M. Leal1,4 and D. M. Rodrigues*1
Friction stir welds in 1 mm thick plates of AA 5182-H111 and AA 5083-H111 aluminium alloys are
analysed in this paper. The welds were produced using a large range of welding conditions,
namely, different process control modes (position and load control), tool parameters (different
geometries and dimensions) and process parameters (rotation speed, advancing speed and
axial load). Visual inspection and metallographic and mechanical analysis demonstrate that it is
possible to obtain consistently good quality welds in very thin plates under a large range of
welding conditions. Important relations between base material properties, tool geometry and the
final properties of the welds were established.
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Introduction
Friction stir welding (FSW) has been the object of
investigation by several research groups during the last
decade.1,2 Although this process can be used to join
several materials such as magnesium, copper, steel,
titanium and metal matrix composites, the primary
research and industrial interest for this process were for
butt and lap joining of aluminium alloys, especially for
the 2XXX, 6XXX and 7XXX series of heat treatable
aluminium alloys, usually considered to be unweldable
by fusion welding processes. Research in this field is still
very intense,3–6 and may be for this reason, FSW of the
AA 5XXX series of aluminium alloys is substantially
less explored. However, from the published literature it
can be concluded that the mechanical properties of the
welds produced from AA 5XXX alloys depend mainly
on the grain size and on the dislocation density due to
plastic deformation and recrystallisation occurring
during welding.7–11 In this way, when the AA 5XXX
alloy series are welded in the annealed condition, no
softening occurs in the thermomechanically affected
zone (TMAZ) and heat affected zone. In contrast, when
these alloys are welded in the strain hardened condition,
the work hardened structure will readily recover and/or
recrystallise during welding, and softening may occur.
Among the AA 5XXX series of aluminium alloys,
the FSW of AA 5083 is the most studied, either in
similar12–22 and dissimilar23,24 welding combinations.
Some efforts were also put to study the FSW of the
AA 5754,25 AA 5052,26–28 AA 5456,29,30 AA 5251,31,32
AA 518233 and AA 508634,35 series of alloys. Some of
these authors analysed the influence of the rotating
speed,25,27 the advancing speed,12,34 both of these factors
together15,18,19 and even the interaction of tool’s
geometry with these parameters12,19,25 on weld quality.
However, despite the huge interest of the AA 5XXX
alloys in automotive construction, where this type of
alloy is extensively applied in the production of very thin
plate panels, in most of above studies the thickness of
the plates was .5 mm and only one of them focused on
FSW of plates less than 2 mm thick.33 As a matter of
fact, obtaining non-defective welds in very thin plates,
with excellent surface finishing and plastic properties,
which makes them able to be processed by plastic
deformation, represents an additional challenge in the
application of the FSW process.
Another important aspect in FSW process develop-
ment is to guarantee improved levels of welding
productivity. Since in any welding operation, in an
industrial context, the welding speed has a direct
influence on the process productivity, one of the main
criteria in the selection of suitable welding parameters
has to be the maximisation of the welding speed while
ensuring acceptable welding quality. Owing to the huge
interest of the AA 5XXX alloys in automotive industry,
the influence of the base material properties and a large
range of welding conditions, which included varying
welding speeds, on the mechanical and microstructural
properties of welds in very thin plates was analysed.
Material and methods
The base materials used in this investigation were
AA 5182-H111 and AA 5083-H111 non-heat treatable
aluminium alloys. As shown in Fig. 1, the 1 mm thick
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base material plates had a recrystallised microstructure
with approximately equiaxed grains and relatively uni-
form grain sizes of 36 and 18 mm for the AA 5182 and
AA 5083 alloys respectively.
Welds were produced from the base materials using
a large range of welding conditions, which included
different process control modes (position and load
control), tool parameters (different geometries and
dimensions) and process parameters (rotation speed,
advancing speed and axial load). The tool parameters,
which included varying geometries and shoulder dimen-
sions (Fig. 2), are listed in Table 1. As shown in the table,
the AA 5182 welds were produced using two different
tools, a scrolled shoulder tool (Fig. 2a) and a conical
shoulder tool (b582u, Fig. 2b), and the AA 5083 welds
were produced using flat (b590u, Fig. 2b) and conical
shoulder tools (b587u, Fig. 2b). As shown in Fig. 2a, the
scrolled shoulder had two helical flutes that forced
material flow around the pin, enabling to work without
the tool tilt angle (a50u, Fig. 2c). Independent of the
geometry and dimensions, all the tools had a cylindrical
threaded pin with 3 mm in diameter. In Table 1, the tools
are identified using a two digit acronym where the first
digit identify the shoulder geometry (C for conical, S for
scrolled and F for flat) and the second digit identify the
shoulder diameter.
The process parameters used in the tests are listed in
Table 2. Some AA 5182 weldings were performed in
position control in a milling machine, using the C10 and
S14 tools and moving the tool at different travelling
speeds (160 and 320 mm min21 respectively) and rota-
tional speeds (1800 and 1120 rev min21 respectively).
Other AA 5182 weldings were performed in load control,
using an ESAB LEGIO equipment and the S14 tool, with
the same welding conditions of the position control
welding (1120 rev min21, 320 mm min21) and also at
increasing traverse speeds (480 and 640 mm min21).
The AA 5083 plates were joined in force control
using the ESAB LEGIO equipment and the C10, C14
and F14 tools. Two different rotation speeds (750
and 1000 rev min21) and welding speeds (160 and
250 mm min21) were used. The axial loads for each
tool were determined by performing preliminary tests in
position control, identifying 650 kgf for S14 tool,
350 kgf for C10 tool and 700 kgf for C14 and F14
tools. In Table 2, the welds are identified using X–Y–Z
acronym, in which X defines the type of tool used, Y
defines the rotation speed and Z defines the traverse
speed. The AA 5182 welds, performed with similar
welding parameters but different types of tool control,
are distinguished by adding P (position control) and F
(force control) to the acronym.
The heterogeneity in mechanical properties across the
welds was evaluated by performing hardness measure-
ments transverse to the welding direction, using a
microhardness tester from Shimadzu, with 50 gf for
the AA 5182 alloy and 200 gf for the AA 5083 alloy.
The load holding time was 15 s in all cases and the
hardness measurements were spaced at intervals of
0?25 mm. The welds were cross-sectioned and prepared
following the standard procedures for optical micro-
scopy, performed using a Zeiss HD 100 microscope, and
transmission electron microscopy (TEM) analysis, per-
formed using an electronic transmission microscope Jeol
JEM-100S. Average grain sizes were determined by the
linear intercept method.
Bending specimens were taken from the welds and
tested to 180u with a curvature radius of 5 mm, in an
Instron 4206 equipment. Transverse tensile specimens,
with the weld centred in the gauge section, were also
constructed. All the tensile tests were carried out at
Table 1 Tool parameters
Base material Tools ID
Shoulder
Geometry Shoulder diameter/mm Tool tilt angle/u
AA 5182 C10 Conical (8u) 10 2?5
S14 Scrolled 14 0
AA 5083 F14 Flat 14 2
C10 Conical (3u) 10 2
C14 Conical (3u) 14 2
1 a AA 5182 and b AA 5083 base material microstructure
2 Friction stir welding tool
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room temperature on an autograph AG-X machine
from Shimadzu using ARAMIS optical 3D deformation
and strain measurement system for strain data acquisi-
tion, which enabled to access local stress–strain beha-
viour in the different sample regions.
Results
Visual inspection
Regardless of the large range of welding conditions
tested in this work, the welds obtained for both base
materials did not display any major structural defect.
The weld crowns were regular in the welds produced
with the scrolled shoulder (Fig. 3a), the flat shoulder
(Fig. 3b) and the conical shoulders (Fig. 3c and d). As
exemplified in Fig. 3a, all the welds produced with the
scrolled tool had rough surfaces and were free of flash.
Otherwise, the welds produced with the flat and conical
tools (Fig. 3b–d), independent of the base material,
displayed smooth surfaces with regularly spaced semi-
circular bands. The presence of flash (Fig. 3d) was only
observed in the AA 5083 welds produced at a low
rotating speed (750 rev min21). Thickness under match
relative to base plate’s initial thickness was measured in
the stirred zone of the welds performed with the C10,
C14 and F14 tools. No thickness reduction across the
stirred material was detected for the S14 welds, which
were performed with 0u tilt angle. These results show a
deep influence of tool geometry on weld morphology,
being possible to conclude that the best surface finishing
was achieved with the flat and conical tools for the
highest tool rotation speeds tested in this work.
Finally, the metallographic analysis and the bending
tests revealed the presence of a very small and
discontinuous kissing bond for the AA 5182 welds
performed in force control, namelly, the S14-1120-
320F, S14-1120-480 and S14-1120-640 welds. Kissing
bond was not detected for the welds performed in
position control (S14-1120-320P), which indicates that
the axial load used in the force control tests was
insufficient to guarantee material flow under the pin.
Microstructural and mechanical analysis
The average grain sizes in the TMAZ (d), registered for
the different welds, are shown in Table 3. Figure 4
shows the inverse of the square root of the TMAZ grain
size (mm21/2) versus the tool rotation to traverse speed
ratio (W/v) characteristics of each welding condition.
Assuming that the temperature attained in the welding
process increases with increasing W/v ratio, it is possible
to conclude that, for the AA 5182 welds, the lower grain
size values were obtained in the colder welding condi-
tions (W/v,3?5), and the larger grain size values in the
hotter welding conditions (W/v511?0). It is also inter-
esting to observe that for W/v,3?5, the grain size deeply
varies with W/v, but for W/v.3?5, the grain size
variation with W/v is less significant, which is in
accordance with the hypothesis of a stabilisation of the
heat generation in FSW with increasing tool rotation
speeds.36–38
Table 2 Process parameters
Base material Tools ID Welds ID W/rev min21 v/mm min21 F/kgf
AA 5182 C10 C10-1800-160 1800 160 Position control
S14 S14-1120-320P 1120 320
S14 S14-1120-320F 1120 320 650
S14-1120-480 1120 480
S14-1120-640 1120 640




















a S14-1120-320P; b F14-1000-160; c C14-1000-250; d C14-750-250
3 Weld crown appearance
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The evolution of the recrystallised grain size for the
AA 5182 welds, illustrated in Fig. 4, can be understood
by analysing some of the factors influencing the
recrystallisation kinetics, which include temperature,
heating rate, strain, strain rate and the initial grain size
of the base materials.39 In fact, assuming that the rate of
recrystallisation increases with strain and strain rate, it is
possible to understand that the S14 welds, performed
with a scrolled tool, which induce more intense plastic
deformation on the stirred material than the C10 conical
tool,40 have lower recrystallised grain sizes than the C10
welds. In addition, it is also assumed that, according to
the maximum temperature attained in the process, which
increases with increasing tool rotation speed and
decreasing traverse speed, static grain growth can take
place after recrystallisation, which explains the occur-
rence of increasing grain size with increasing W/v ratio.
It is also important to enhance that large grain size
values were measured for the AA 5182 welds performed
in position control (S14-1120-320P), when compared to
that of the welds performed in load control under the
same welding conditions (S14-1120-320F). Since the
bending tests revealed the presence of kissing bond for
the welds performed in load control, it is possible to
assume that these welds were performed under a lower
axial pressure than the welds performed in position
control, which were free of any root defect. According to
some authors,41 the peak temperature in the welding
process increases with increasing axial load, which
explains the largest grain size values registered for the
S14-1120-320P welds.
Analysing now the results in Fig. 4 relative to the
AA 5083 welds it is possible to conclude that, contrarily
to that registered for the AA 5182 welds, for this base
material the grain size in TMAZ almost do not change
with W/v. In fact, the grain size in TMAZ varied from
6?5 to 8 mm, being the lower values registered for the
C10 welds performed at 750 rev min21. Knowing that a
fine grained material will recrystallise more rapidly than
a coarse grained material,41 it is reasonable to presume
that the rate of recrystallisation during FSW was faster
for the AA 5083 alloy than for AA 5182 alloy, leading
to a fully recrystallised TMAZ grain structure for the
AA 5083 welds, with very similar characteristics inde-
pendently of the welding conditions.
After a series of 60 hardness measurements, mean
hardness values of 71 HV0?05 and 67 HV0?2 were
registered for the AA 5182 and AA 5083 base materials
respectively. Hardness profiles across the welds demon-
strated a hardness increase in the TMAZ, relatively to
the base material, for almost all the AA 5182 and
AA 5083 welds. The only exception was the C10-1800-
160, which was found to be in even match relative to the
AA 5182 base material. The average weld hardness
values for the different welds are shown in Table 3 and
plotted in Fig. 5 against the reciprocal of the square root
of the TMAZ grain size d21/2. For comparison, the base
material mean hardness values were represented in the
graph by using dashed lines.
As it is evident from Fig. 5, the average hardness and
grain sizes strongly vary according to the FSW
conditions, for the AA 5182 welds, ranging from even
match conditions, associated to weld with the larger
grain size (10 mm, C10-1800-160 weld), to strong over
match, associated to the weld with the smaller grain size
(3 mm, S14-1120-640 weld). Comparing the hardness
results relative to the AA 5182 welds performed in force
control (S14-1120-320F, S14-1120-480 and S14-1120-
640), it is also possible to conclude that the hardness of
the welds increased with increasing traverse speed. From
the graph it is also evident that, despite the hardness and
TMAZ grain size strongly depending on the welding
conditions, none of the AA 5182 welds was in under
match relative to the base material. The relationship
between HV and the reciprocal of the square root of the
grain size is also plotted in Fig. 5, showing the Hall–
Petch relationship applied to AA 5182 results.
Analysing the results relative to the AA 5083 welds in
Fig. 5, it is possible to conclude that all the welds were in
over match compared to the base material. However,
unlike for the AA 5182 alloy, the hardness and grain size
Table 3 Average hardness and grain sizes
Hardness/HV Grain size/mm
















4 Thermomechanically affected zone grain size (mm21/2)
versus tool rotation to traverse speed ratio
5 Average weld hardness versus average grain size
(mm21/2)
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in the TMAZ of the AA 5083 welds varied only slightly
with the varying welding conditions. In fact, the TMAZ
average hardness values varied from a minimum of
71 HV for the C14 welds to a maximum of 79 HV for
the C10-750-250 weld.
In Fig. 6 are resumed the yield mismatch My values,
calculated as the ratio between the yield stresses in
tension of the welds (TMAZ and that of the respective
base materials, for all the welds tested in the present
work. According to the figure, all the AA 5182 welds,
except the C10-1800-180 weld, present strong over
match in yield stress relative to the base material. On
the other hand, the AA 5083 welds are all almost in even
match relative to the base material yield stress, except
the C10 welds, performed with 750 rev min21, which
present y20% yield stress over match. From the results
in the graph of Fig. 6, it is also possible to conclude that
the yield stress over match level for the welds performed
with the scrolled shoulder tool (S14 welds) is much
higher than that of the welds performed with the other
tools.
Comparing the results of the mechanical characterisa-
tion of the S14-1120-320P welds performed in position
control with that of the S14 welds performed in load
control, it is possible to conclude that the S14-1120-320P
welds displayed lower hardness values (see Fig. 5) but
higher yield stress values (see Fig. 6) than all the other S14
welds. These results show that despite the hardness
evolution for the AA5182 welds can be described on the
basis of grain size and Hall–Petch relation, the yield stress
evolution does not obey the same relation rule. In order to
analyse the differences in yield strength between the
AA 5182 welds, TEM microstructural analysis was
performed. For comparison, a micrograph of AA 5182
base material microstructure is shown in Fig. 7a together
with TMAZ micrographs of four AA 5182 welds
(Fig. 7b–d). The base material micrograph shows an
annealed microstructure, free of dislocations and with a
large number of precipitates dispersed inside the grains.
Similarly, Fig. 7b shows a TEM image of a C10-1800-160
weld nugget, for which an average grain size of 10 mm was
registered. A low density of rearranged dislocations can be
seen inside the grains, which results in the even matched
mechanical properties of these welds compared to the base
material. Analysing now the TEM image of the S14-1120-
320P weld nugget (Fig. 7c), for which an average grain
size of 7 mm and over match mechanical properties were
registered, it is possible to observe very small sub-
grains with an elevated density of dislocations inside it.
Transmission electron micrographs of S14-1120-320F
and S14-1120-640 weld nuggets are also shown in
Fig. 7d and e respectively. From these pictures it is
possible to conclude that these welds are microstructu-
rally similar to the S14-1120-320P welds (Fig. 7c),
performed with the same type of tool. However, these
welds display a coarser subgrain structure than the S14-
1120-320P welds and a lower dislocation density inside the
subgrains. Since the S14-1120-320P welds displayed
higher yield strength than the other welds (Fig. 6), it is
reasonable to assume that the subgrain structure plays a
major role in determining the welds strength.
Conclusions
The aim of this investigation was to study the influence
of base material properties and process parameters on
the properties of 1 mm thick welds in AA 5182-H111
and AA 5083-H111 alloys, produced using the FSW
process. As it is clearly stated in the paper introduction,
despite several papers had already addressed the
mechanical and microstructural characterisation of
friction stir welds in aluminium alloys, to the authors’
knowledge, only a few of those papers addressed the
study of welds in non-heat treatable aluminium alloys,
the application of the process in the joining of very thin
plates and the influence of process parameters, with
special focus on shoulder dimensions and geometry, on
weld quality. From the present investigation, where all
these aspects were addressed, it is possible to conclude
that
6 Yield strength mismatch of welds relative to base materials
7 Images (TEM) of AA 5182 a base material and weld
nuggets: b C10-1800-180, c S14-1120-320P, d S14-1120-
320F and e S14-1120-640
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1. It is possible to obtain consistently good quality
welds in very thin plates under a large range of welding
conditions. In fact, hardness and tensile testing of the
welds demonstrates that independent of the welding
conditions and of the base material, the TMAZ material
has at least even matched mechanical properties relative
to the base materials.
2. Reducing the heat input during welding, improves
the mechanical strength of the welds.
3. The reduction in heat input must be achieved by
increasing the traverse speed of the tool, which is of
interest in terms of process productivity.
4. The utilisation of small shoulder diameter tools,
which also enable to reduce the heat generation, also led
to improved weld properties.
5. Scrolled shoulder tools, which induce high defor-
mation rates in the stirred zone, also conducted to
improved mechanical strength of the welds.
6. The smaller the initial base material grain size, the
more homogeneous the weld properties for different
welding conditions.
7. For the AA 5182-H111 alloy, the TMAZ subgrain
structure plays a major role in determining welds yield
strength.
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